The underlying aetiology of sarcopenia appears multifaceted and not yet fully defined, but ultimately involves the gradual loss of muscle protein content over time. The present evidence suggests that the loss of lean tissue in the elderly is exacerbated by low dietary protein intake. Moreover, acute stable-isotope-based methodologies have demonstrated that the muscle anabolic response to a given amount of protein may decline with age, a phenomenon that has been termed anabolic resistance. Although the mechanism responsible for the inability of muscle to mount a satisfactory anabolic response to protein provision with increasing age is presently unknown, it does not appear due to impaired digestion or absorption of dietary protein. Rather, the issue could reside with any combination of: a diminished delivery of amino acids to peripheral tissues, impaired uptake of amino acids into muscle cells, or an inability of amino acids to elicit intracellular events pivotal for anabolism to occur. Despite the presence of anabolic resistance to dietary protein, present evidence suggests that protein supplementation may be able to overcome these issues, particularly when combined with resistance exercise programmes. As such, protein supplementation may prove to be an effective approach to delay the loss of muscle mass with age and has led to calls for the recommended daily intake of protein to be increased for the elderly population.
Muscle protein: Amino acids: Sarcopenia: Exercise
Muscle mass and contractile function are intricately associated with perceived quality of life, and outcome following subsequent illness, disease or surgery (1) (2) (3) (4) . As such, when a significant loss of muscle mass occurs, individuals are at a heightened risk of fall-related fractures and their ability to live an independent life is severely compromised. Of concern, the loss of muscle mass and strength are natural hallmarks of the ageing process, being termed sarcopenia and dynapenia, respectively. As early as age 40 years, leg muscle mass and strength start to decline, with the rate of loss accelerating from 70 years onwards (5, 6) . In the USA, where figures are readily available, it is estimated that sarcopenia is indirectly responsible for US$18·5 billion in annual health care expenditure (7) . With the projected increase in size of the global elderly population anticipated in subsequent decades, healthcare resources required for the prevention and treatment of sarcopenia are only set to grow. It is therefore imperative that an understanding of the underlying scientific basis for the loss of muscle mass with age is established so that effective and acceptable pharmaceutical, nutraceutical and lifestyle modifications can be developed and instigated in at risk populations.
There are numerous factors that could contribute to the development of sarcopenia, including but not limited to: reduced habitual food intake, increase in sedentary Proceedings of the Nutrition Society behaviour, poor vitamin D status, loss of motorneurones, development of chronic low-grade inflammation and increased oxidative stress. In reality, it is likely that the aetiology of sarcopenia is multifactorial and moreover, the underlying causative factors could differ between sarcopenic individuals. Regardless of the mechanism(s) involved, the insipid loss of muscle mass observed during sarcopenia will necessitate the net loss of muscle myofibrillar contractile protein, thereby representing a key target for therapeutic intervention. Thus, strategies that reverse or limit the age related decline in muscle protein content are likely to be advantageous. This review will focus on the mechanisms responsible for regulating muscle mass in human subjects and discuss how they are perturbed as part of the ageing process. Furthermore, the use of protein and amino acids as strategies to enhance muscle anabolism will be considered and possible challenges in their adoption highlighted.
The role of protein turnover in the regulation of muscle mass
Muscle mass, being typically composed of 88 % protein by dry weight (8) , is largely dependent upon the intricate balance between the rate at which muscle proteins are synthesised and degraded. Where an imbalance in the magnitude of these two opposing processes occurs, a net change in muscle protein content ensues and when sustained over chronic periods, is reflected by a reciprocal change in muscle mass. During sarcopenia, and in other conditions characterised by cachexia (e.g. cancer, sepsis, acquired immune deficiency syndrome and chronic obstructive pulmonary disease), rates of muscle proteolysis exceeds those of muscle protein synthesis, often leading to the debilitating loss of muscle mass over time.
Crucially, the processes of muscle protein synthesis and muscle protein breakdown are dynamic, changing in response to nutritional, hormonal and contractile cues. Importantly, following protein consumption, muscle protein synthesis is enhanced (9) ; an effect that can be recreated solely through the administration of the essential amino acids (10) . In particular, the branched chain amino acid leucine appears particularly effective at stimulating muscle protein synthesis (see (11) ). Viewed in conjunction with observations that hyperinsulinaemia stimulates muscle protein synthesis in human subjects under conditions of increased amino acid availability (12) , it highlights the important roles played by both insulin and leucine in the induction of muscle protein anabolism post-meal consumption. The manner in which insulin and amino acids collectively elicit these effects within the muscle cell appears through stimulation of the mammalian target of rapamycin complex 1 (mTORc1) signalling cascade. Recent evidence has provided the notion that mTORc1 acts as a nutrient sensor, integrating signals on amino acid availability, energy status via feedback from 5 ′ adenosine monophosphate-activated protein kinase, and status of the insulin-signalling pathway through AKT-mediated phosphorylation of mTORc1 residue Ser 2448 ( Fig. 1 ; see (13) ). As such, mTORc1 co-ordinates the promotion of translation initiation in the postprandial period when substrates (amino acids) are readily available and ATP generation is sufficient to support the high-energy demands of protein synthesis. This is achieved by mTORc1 eliciting two main effects. Firstly, when active, mTORc1 phosphorylates residue Thr 389 of p70 S6 K, promoting the increased translation of mRNA containing a 5 ′ oligopyrimidine tract, typically represented in mRNA encoding ribsosomal proteins and translation elongation factors. Secondly, mTORc1 phosphorylates and thereby inactivates eukaryotic initiation factor 4E binding protein 1 (also known as PHAS-1), a protein that when hypophosphorylated is known to repress translation by preventing the binding of the 7-methylguanylate cap, a structural feature of most mRNA transcripts, to the forming ribosome complex (see (14) ). The demonstration that administration of the potent mTORc1 inhibitor rapamycin to healthy human volunteers blunts the ability of amino acid feeding to stimulate muscle protein synthesis (15) , highlights the essential requirement of this kinase in eliciting feeding gains in muscle protein content.
While the postprandial stimulation of muscle protein synthesis has historically received the most attention when events responsible for the net loss of muscle protein content in human subjects have been investigated, this is not to suggest that muscle protein breakdown also plays an essential, if yet to be fully defined, role. Indeed, in Fig. 1 . A simplified diagram representing the role of mammalian target of rapamycin complex 1 (mTORc1) signalling in regulating muscle protein synthesis in response to extracellular cues. SNAT, sodium-coupled neutral amino acid transporter; LAT1, L-type amino acid transporter 1; IRS-1, insulin receptor substrate-1; Gln, glutamine; Leu, leucine; 4EBP1, eukaryotic initiation factor 4E binding protein 1.
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rodents enhanced muscle proteolysis has been repeatedly demonstrated to represent a major contributor to the loss of muscle mass in a number of atrophy-inducing conditions (16) , including sarcopenia (17) . The paucity of data in human subjects is more a reflection of the experimental challenges and technical requirements faced when trying to obtain accurate surrogate measures of muscle protein breakdown. However, in reports where attempts have been made to obtain an index of muscle protein breakdown by examining arteriovenous dilution of isotopically labelled amino acids across the leg, it has been consistently observed that during conditions of hyperinsulinaemia, as observed in the postprandial period, muscle protein breakdown is suppressed (18) . Collectively therefore, the consumption of food plays an essential role in dictating the diurnal pattern of muscle protein synthesis and muscle protein breakdown.
As mentioned earlier, the maintenance of protein intake and its effectiveness at stimulating muscle protein synthesis are central to the maintenance of muscle mass in the elderly population. However, several aspects from the process of meal consumption to the eventual stimulation of muscle protein synthesis by amino acids have been proposed as negatively impacted as part of the ageing process. These include decreased food intake, impaired digestion and absorption of nutrients, altered splanchnic uptake of amino acids, insufficient delivery of nutrients through the microvascular circulation, blunted uptake of amino acids into the muscle cell and perturbed cellular response to increased amino acid availability. Each of these potential contributory factors will be discussed in turn.
Changes in protein intake requirements with age
It has been suggested that decreased protein intake with age, set in the wider context of reduced meal consumption, plays a major role in the aetiology of sarcopenia (19) . Certainly, for a subset of individuals dental issues, blunted olfactory and taste perception, combined with social and economic factors contribute to reduced meal consumption or removal of high-quality animal protein from the diet (20) , and likely compound the loss of muscle experienced by these individuals. However, for the majority of the elderly population the issue appears to be far greater than just insufficient protein intake alone. Observational studies performed in Western populations have demonstrated that a significant proportion (60-85 %) of older men and women meet the present adult recommendations for protein intake of 0·8 g/kg per d (see (19) ). However, of concern, a study by Campbell et al. in older adults reported that a 14-week carefully controlled and monitored eucaloric diet containing 0·8 g protein/kg per d was insufficient to stave off the 1·5 % decline in the thigh muscle cross-sectional area seen during the experimental period (21) . Similarly, in a preceding smaller study by the same researchers, they demonstrated that older healthy adults consuming the protein RDA for 10 d resulted in a negative nitrogen balance (22) . A 3-year longitudinal study conducted in 2066 North American septuagenarians provided further evidence that weight-losing and weight-stable individuals meeting or exceeding current protein recommendations still experienced the loss of appendicular lean mass (23) . Collectively, these important observations have led to the suggestion that the current RDA for adults aged over 18 years is insufficient to maintain muscle mass in the elderly, with the higher recommendations of 1-1·5 g/kg per d suggested as an appropriate intake to reduce risk of sarcopenia (19) . Moreover, it identifies that the ability to elicit muscle anabolism per unit dietary protein is reduced in the elderly (19) , potential reasons for which are discussed later.
Protein absorption and digestion
Independent of any purported change in food intake in the elderly, the maintenance of adequate protein digestion and absorption is essential. An inability to retain comparable digestion and absorption kinetics to young adults could underpin the failure of dietary protein to maintain muscle mass in the elderly. Given the highly complex nature of the gastrointestinal tract, involving the coordinated action of a wide variety of specialised cells, the exact impact of ageing per se on gastrointestinal function remains unclear (see (24) ). However, delayed gastric emptying, increased colonic transit time and increased incidence of chronic constipation have all been reported (24) . Likewise, clinical disorders of the gastrointestinal tract, including susceptibility to gut infections, gastroesophageal reflux disease, irritable bowel syndrome, peptic ulcer formation and diverticulosis, all increase in incidence with age. Therefore, the impaired digestion and absorption of food constituents in the elderly is a genuine concern.
Typically, the direct study of protein digestion and absorption kinetics in human subjects is fraught with technical challenges, and as such rarely attempted. However, in a recent series of detailed experiments, the absorption and digestion characteristics of animal-derived protein in older adults were investigated. By intravenously administering [1- 13 C]phenylalanine to a cow over a 48 h period followed by milking and slaughter of the animal, Pennings et al. were able to generate intrinsically labelled milk protein and meat (25) . Utilising the casein fraction of the intrinsically labelled milk, they were able to demonstrate through oral administration of a 35 g bolus to young and elderly individuals that the rate of appearance of the labelled phenylalanine in the circulation was equivalent between the age groups studied (26) . This demonstrated that in healthy elderly men the digestion and absorption of casein protein is not impaired. Moreover, despite previous suggestions that splanchnic uptake of absorbed amino acids may increase with age (27, 28) , the authors were able to demonstrate that splanchnic uptake was largely equivalent between the two age groups studied, at about 72 % each. This latter observation is noteworthy, if splanchnic uptake was found to be enhanced with age; this could impair the availability of dietary-consumed amino acids for utilisation in muscle protein synthesis.
It could be argued that the administration of a large casein bolus in beverage form is not representative of the types of foods ingested by elderly adults or the manner in which they typically consume meals. As such, the relevance of these findings to the real-world situation could be questioned. In a subsequent report, the same authors demonstrate that the manner in which food is processed can impact significantly on protein digestion and absorption kinetics. By comparing 135 g cooked minced beef with beef steak, both intrinsically labelled with [1- 13 C]phenylalanine and consumed by elderly male volunteers, they reported that minced beef is more rapidly digested and absorbed than its steak counterpart (29) . Likewise, small-animal-based studies have demonstrated that protein digestibility is considerably lower in older animals compared with their young counterparts when protein is consumed in the presence of antinutritional factors such as phytases (30) ; an issue of particular concern in developing countries where there is a large reliance on crop-based protein sources high in concentrations of such anti-nutritional factors (see (31) ). Collectively, this suggests that a more holistic approach reflecting the standard eating practices in the elderly would be beneficial when considering questions relating to digestion and absorption.
Given that the work of Koopman et al. tentatively suggests that the digestion and absorption of protein is not impaired in the elderly (26) , it would thereby propose that the basis for the inability of dietary protein to maintain muscle mass in the elderly must reside elsewhere. In support of this notion, the intravenous administration of mixed amino acids to young and elderly volunteers under hyperinsulinaemic euglycaemic conditions, a strategy that thereby circumvents any potential issues associated with altered digestion, absorption or splanchnic uptake of orally administered protein, elicits greater increases in muscle protein synthesis in young compared with elderly individuals (32) . The blunting of the stimulatory effect of amino acids on muscle protein synthesis in elderly individuals has since been reported by others, following either intravenous or oral feeding (33) of amino acids, with the phenomenon subsequently termed anabolic resistance (33) .
Impact of age on postprandial hyperaemia
The enhanced delivery of circulating amino acids to muscle tissue is an essential requisite for postprandial elevations in muscle protein synthesis to occur, with delivery dependent on both arterial amino acid concentration and arterial blood flow to the muscle. The administration of insulin to produce physiological hyperinsulinaemia has been repeatedly shown to stimulate enhanced blood flow to muscle tissue (12, 34, 35) and therefore, the incretin effect of food consumption acts to prime the system to assist in the delivery of glucose and amino acids to peripheral tissues. As such, linear relationships have been described in healthy young subjects between the stimulation of muscle protein synthesis during graded localised insulin administration and the change seen in femoral arterial blood flow and amino acid delivery to the leg (12) . Given the progressive development of insulin resistance in the elderly population (36) , it would appear to follow that an impairment of insulin-mediated increases in amino acid delivery under postprandial conditions may contribute to anabolic resistance.
In support of this notion, leg blood flow under hyperinsulinaemic euglycaemic clamp conditions, appears impaired in old volunteers compared with their young healthy counterparts (37) . The same finding has also been observed when performed in conjunction with exogenously administered amino acids (38) or in response to intermittent feeding of an oral mixed-feed over a 2 h period (39) . Thus, with the stated requirement to enhance amino acid delivery to sufficiently increase muscle protein synthesis, it would be judicious to employ strategies that safely stimulate blood flow or improve the vasodilatory effects of insulin. In this regard, the principal mechanism by which insulin appears to impart is vasodilatory effects via stimulating the synthesis and release of endothelin-derived nitric oxide (NO) (40) , thereby promoting a potent relaxation of arterial smooth muscle. Therefore, pharmacological stimulation of increased NO synthesis may represent one such strategy. In support, Dillon et al. were able to demonstrate that sodium nitroprusside, a known NO donor with potent vasodilatory effects, was able to enhance leg blood flow and stimulate muscle protein synthesis to similar degrees in young and elderly subjects when administered in combination with amino acids (41) . However, their decision not to include a control group who did not receive the nitroprusside treatment means caution has to be applied as to the significance of these findings.
In addition to pharmacological approaches, the use of nutrition to promote increased NO formation in the elderly is an area of current investigation. Although the primary focus in the majority of the studies performed to date has been to improve vascular function so as to reduce the incidence of CVD, an unintended benefit may be an improvement in the hyperaemic response to food consumption. Common strategies employed have included increasing dietary nitrate intake through the consumption of high-nitrate containing foods or by high-nitrate containing oral supplements, often in the form of beetroot concentrate. Although the number of studies conducted to date is limited, the acute (3-d) consumption of beetroot supplements by elderly subjects has been shown to increase plasma nitrite concentrations 4-fold and result in a 3 mm Hg decrease in mean arterial blood pressure with no change in resting heart rate (42) ; changes consistent with increased NO-mediated smooth muscle relaxation. While the ability of a nitrate supplement to enhance a postprandial rise in blood flow has yet to be demonstrated in the elderly, reports of concentrated beetroot juice successfully enhancing brachial artery endothelial function in overweight and obese men 2 h post-meal consumption is promising (43) . Separately, while the administration of the NO precursor, L-arginine, has been proposed as an alternative mechanism by which to enhance NO species generation (44) , the inability of large bolus doses of L-arginine to increase plasma nitrate and nitrite concentrations in healthy young individuals (45) suggests that this may not represent a viable strategy. Likewise, administration of citrulline, the endogenous precursor for the synthesis of arginine, does not appear to increase the responsiveness of muscle blood flow or muscle protein synthesis to protein feeding in elderly men (46) . Therefore, on the basis of current evidence, it would appear that nitrate supplements might represent the most viable strategy to reverse age-related impairments in hyperaemia following feeding. However, a crucial requirement before its adoption would be the need to understand the potential side effect of chronic high-nitrate intake in this population.
A second important modulator of muscle blood flow is exercise. While elderly men display a blunted hyperaemic response to both resistance-based and aerobic exercise across a spectrum of workloads (47, 48) , exercise appears to retain its ability to improve the hyperaemic response to feeding. Specifically, it has been demonstrated in elderly men that a 20-week whole-body resistance exercise training programme is able to restore the hyperaemic response to both feeding and acute bouts of resistance exercise (39) . This capacity of resistance exercise, combined with its widely known function to act as a potent stimulator of muscle growth, reinforces the need to consider resistance exercise as a central treatment to prevent and/or limit sarcopenia. While concerns may exist as to the suitability of this form of exercise in frail populations, work by Evans and co-workers has shown high-intensity resistance exercise to be both feasible in frail very elderly populations (age 72-98 years), and moreover, able to increase muscle mass and strength (49) .
Alterations in the muscle cell response to hyperaminoacidaemia with age
Regardless of purported impairments in the hyperaemic response to food consumption in the elderly, it is also feasible that the uptake of, or responsiveness of the muscle cell to, amino acids is no longer satisfactory to stimulate mTORc1 activity and initiate translation initiation.
Certainly, it has been demonstrated that even after the consumption of large doses (≥40 g) of essential amino acids, phosphorylation of mTORc1 is blunted in elderly muscle v. the young (33) . Moreover, the blunted response of muscle protein synthesis to amino acid provision in the elderly remains even when intramuscular concentrations of leucine are increased to a greater extent than that observed in the young (33) , suggesting that impediments at the muscle cell level exist.
Leucine, the predominant amino acid that results in increased mTORc1 phosphorylation (50) , and stimulates muscle protein synthesis (11) , is unable to freely traverse the muscle cell membrane. Instead, in common with the other branched-chain amino acids, uptake into the muscle cell is regulated via System L transport through a protein complex consisting of a heterodimer between amino acid transporters L-type amino acid transporter 1 (LAT1) and CD98, with leucine import requiring the bidirectional transport of glutamine out of the muscle cell ( Fig. 1 ; see (13) ). Therefore, the maintenance of a glutamine concentration gradient is essential to retain the cell's ability to import leucine, achieved through the concerted action of the System A sodium-coupled neutral amino acid transporter (SNAT2) and System N amino acid transporters (SNAT3). As a result, intracellular concentrations of essential amino acids can be maintained under conditions of hypoaminoacidaemia (51) . Likewise, except when concentrations of plasma amino acids are in excess of the amount required to maximally stimulate muscle protein synthesis (52) , intracellular concentrations of essential amino acids are maintained at relatively constant concentrations (51, 53) . Proton-assisted amino acid transporter 1, an intracellular transporter primarily located on the late endosome and lysosomes within cells has also been implicated in the activation of mTORc1 in response to amino acid availability (54) ; deletion in Drosophila flies is known to impair the ability of amino acids to activate mTORc1 and as a consequence their overall growth is retarded (55) . As such, it collectively suggests that amino acid transporters may play a role in regulating mTORc1 activity and by virtue, muscle protein metabolism. Although the simplest scenario would be for the amino acid transporters to directly regulate intracellular leucine concentrations ultimately leading to the activation of mTORc1, this does not appear to be the case. By examining the dose-response relationship between muscle protein synthesis and extracellular and intracellular amino acid concentrations, Bohé et al. were able to demonstrate that the anabolic response to amino acids is not responsive to intracellular amino acid availability (52) . Subsequent cell culture experiments using methylaminoisobutyric acid, a non-metabolisable System A amino acid analogue, have demonstrated that SNAT2 appears able to induce p70 S6 K phosphorylation in a rapacmycin-sensitive manner, in spite of reduced intracellular amino acid concentrations (56) . This potential ability of amino acid transporters to elicit intracellular signalling events has led to them being termed transceptors (transporter + receptor) and provides credence to their study in the relation to sarcopenia. In particular, an inability of the amino acid transporters to allow sufficient essential amino acids import or initialise signalling events leading to the activation of mTORc1 appear plausible areas of interest.
Although the study of the amino acid transporters in human skeletal muscle is limited, the evidence suggests that LAT1, SNAT2, CD98 and proton-assisted amino acid transporter 1 are transcriptionally up-regulated rapidly (1 h) following essential amino acids ingestion, and that this is paralleled by increases in intracellular leucine concentrations and muscle protein synthesis (57) . However, in the same study, increases in muscle intracellular leucine concentrations and muscle protein synthesis were found to precede detectable increases in LAT1 and SNAT2 protein levels, suggesting that increased transporter protein expression is not involved in the chain of events responsible for increased leucine uptake into the muscle cell or in enhanced muscle protein anabolism post-amino acid consumption. Indeed, the clearance of blood amino acids has been shown to be complete 3 h following meal
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consumption, suggesting that the changes in transporter protein expression would need to be rapid (58) . Subsequent work in murine muscle cells has demonstrated SNAT2, proton-assisted amino acid transporter 1 and LAT1 to be transcriptionally up-regulated in response to insulin administration, with LAT1 increased in an apparent mTORc1-dependent manner (59) , providing further evidence that transporter expression may lag behind the stimulation of muscle protein synthesis. Therefore, the changes observed in transporter expression in human muscle following essential amino acids ingestion may merely be a reflection of the known incretin effect of amino acids rather than any direct stimulatory effect on transporter expression to drive anabolism, although this remains to be determined. However, given that intracellular amino acid concentrations are thought to be regulated though the integration of protein synthesis, breakdown, movement into and out of the extracellular pool and where applicable, oxidation (51, 60) , a role for changes in amino acid transporter expression post-stimulation of muscle protein synthesis may prove important for the maintenance of intracellular amino acid concentrations.
Notably, while the constitutive activation of the insulin-signalling kinase AKT, results in substantial muscle growth in rodents (61) , the effects of insulin and amino acids on human muscle protein synthesis appear distinct. The provision of a high-dose mixed-amino acid infusion concomitant to an insulin clamp designed to maintain serum insulin concentrations at post-absorptive levels has been shown to significantly stimulate muscle protein synthesis (62) . Moreover, no further enhancement in muscle protein synthesis rates are observed with stepwise increases in serum insulin concentrations despite elevated AKT phosphorylation. Therefore, the ability of amino acids to stimulate muscle protein synthesis appears independent of insulin action. Given the reported role of insulin in stimulating amino acid transporter expression, this would provide further evidence that transcriptional up-regulation of the amino acid transporters may not be a key process in the anabolic response to amino acid feeding. However, caution has to be applied to current findings; transporters by virtue of their function are localised to cellular membranes and in the case of specific transport systems (e.g. system L), have to form heterodimers before they are able to perform transport functions. Measures restricted to 'readouts' of mRNA and protein levels for the amino acid transporters are unable to take these key variables into account.
Although the role of altered amino acid transporter expression as a manner in which the cell regulates the stimulation of muscle anabolism remains unclear, impaired amino acid transporter expression may remain a contributor to sarcopenia and/or muscle disuse atrophy. Seven day bed rest in elderly individuals has been shown to prevent the stimulatory effect of essential amino acids on SNAT2 and LAT1 protein expression, concomitant to a partial blunting of mTORc1 phosphorylation and failure to enhance muscle protein synthesis rates over the period examined (63) . Further work is required to place these findings into the context of sarcopenia; however, studies are currently limited by the availability of experimental tools for the study of amino acid transporter function in human subjects. Until such challenges are overcome the contribution of such findings to the aetiology of sarcopenia will remain unclear.
Impact of inactivity on muscle protein turnover
Like sarcopenia itself, the presence of anabolic resistance has not been universally observed in all elderly individuals. Indeed, some researchers have failed to observe anabolic resistance in their recruited elderly volunteers (26, 64) , leading some to question the applicability of acute stable-isotope-based methods to detect such changes (65) . The crux of their argument centres on two main ideas. Firstly, that the insipid loss of muscle mass with age, predicted to be 1-2 % per year (66) , is unlikely to be of sufficient magnitude to be detectable by commonly employed stable-isotope approaches. Secondly, they argue that the short timeframes often examined with stable-isotope approaches (≤3 h) fail to take account for the possibility of a delayed rather than reduced anabolic response to amino acid provision. Certainly, a delay in the stimulation of muscle protein synthesis to amino acids has been reported in the elderly, with the cumulative protein synthetic response found to be equivalent between young and elderly subjects when long (5 h) postprandial periods are considered (67) (a process that by its own virtue will diminish the sensitivity required to detect differences). While renewed vigour in the use of deuterium-labelled water to allow the chronic assessment of muscle protein synthesis (68, 69) should overcome both of these limitations and permit the habitual examination of elderly individuals, an alternative explanation for this discord in the literature may exist. Notably, the vast majority of studies interested in the impact of ageing on muscle protein turnover tend to recruit healthy, non-sarcopenic and active elderly individuals. As such, the anabolic resistance observed in such studies could be primarily a reflection of the activity status of the recruited individuals.
Muscle disuse, induced by bed-rest or limb immobilisation, is widely reported to result in a decline in insulin sensitivity and an impaired anabolic response of muscle to feeding in human subjects (70, 71) . In stark contrast to small-animal models where protein turnover rates are significantly greater than human subjects (72) , current evidence would suggest that the overall contribution of muscle protein breakdown is likely small and transient, probably confined to the first few days post-immobilisation (73) ; albeit this remains an area of significant controversy (74, 75) . While such gross declines in activity would not be evident in a healthy recruited population, recent evidence has demonstrated that a decline and not necessarily cessation of daily activity is sufficient at inducing significant anabolic resistance in the elderly (76) . Reducing daily step-count by 76 % for 14 d, from a habitual level of about 5900 to about 1400 steps daily, was shown to reduce leg fat-free mass by 3·9 % and attenuate the rise in postprandial muscle protein synthesis rates by 26 %, independent of Proceedings of the Nutrition Society mTORc1 signalling. This highlights the need to carefully consider and monitor habitual physical activity levels in recruited subjects, especially as periods of reduced ambulatory activity are common in the elderly. It also highlights the utility of physical activity to maintain muscle mass and provides further credence to its use in this population.
Possible non-pharmacological treatment strategies
While the underlying aetiology for sarcopenia remains to be resolved, the current research has indicated several non-pharmacological approaches that may be applicable to stave off the age-dependent loss of muscle. A major area of focus has been on the use of protein and/or amino acid supplements to promote increased muscle anabolism. While there has been comprehensive discussion of the effectiveness of such approaches to impact on muscle mass, human metabolic studies have revealed several aspects that warrant consideration when developing effective supplementation approaches.
First and foremost, while protein supplementation may be beneficial for individuals not meeting protein intake requirements through habitual means, simply providing large single doses of protein with the premise that you can 'game the system' and stimulate anabolism above and beyond the response to standard protein intake is unrealistic. In response to prolonged intravenous infusions of amino acids, muscle protein synthesis is only elevated for the first 2 h of the infusion in young individuals (77) . Somewhat remarkably, rates of muscle protein synthesis subsequently return to post-absorptive values even in the face of persistently elevated blood amino acid concentrations (77) . This has led to the concept of the muscle full hypothesis, a ceiling upon which delivered amino acids are no longer incorporated into muscle protein but rather diverted towards oxidation (78) . Of concern, the ceiling at which this effect takes place appears equivalent in healthy young and older individuals, with 10 g essential amino acids able to maximally stimulate muscle protein synthesis in both groups, with lower absolute rates of myofibrillar protein synthesis seen in the elderly volunteers (33) . This highlights the potential futility of administering protein in large single doses to elderly individuals. The known properties of protein to impact on satiety are also of concern and it is perhaps not surprising that the use of nutritional supplements in the elderly has been associated with compromising subsequent food intake (79) . Therefore, the dose at which a protein supplement is administered requires consideration of the balance between providing sufficient substrate to avoid negative nitrogen balance while avoiding the potential to impact on food intake or promote the oxidation of administered amino acids.
At the same time, a certain level of hyperaminoacidaemia is required to adequately stimulate muscle protein synthesis. Pennings et al., by orally administering to elderly men 20 g of either casein, casein hydrosylate, or whey protein on three separate occasions, with the known differences in digestion kinetics between the three proteins utilised, were able to demonstrate a correlation between the peak hyperacidaemia elicited by the test drink and the relative increase in muscle protein synthesis observed (9) . Collectively, this suggests that an optimal window for the quantity of protein consumed in a single sitting exists, within which muscle protein synthesis is meaningfully stimulated while avoiding issues associated with overconsumption (Fig. 2) .
Such a scenario also has ramifications for the effectiveness of the diurnal pattern in which protein is consumed in the Western world. With standard food habits, protein intake is typically orientated towards the evening meal with examination of the North American diet revealing breakfast containing approximately one-third of the amount of protein contained in the evening meal (13 v. 38 g protein, respectively (80) ). The skewed manner in which protein is typically consumed may not be optimal, and as a consequence, impinge on the ability of elderly individuals to maintain sufficient anabolic potential to maintain muscle mass. When recreated experimentally over a 7-d period, protein intake spread equally throughout the day in three sets of about 30 g doses results in significantly greater 24 h muscle protein synthesis than 90 g split into 11, 16 and 63 g for the three daily meals (80) . This has potential implications for the timing of any protein supplementation strategy, suggesting that they are best consumed around low protein intake meals, most likely breakfast. Utilising such an approach would allow postprandial increase in blood amino acid concentrations to be within the proposed optimum operating window for muscle protein synthesis.
While the utility of resistance exercise to increase muscle mass in the elderly has already been introduced, one aspect where resistance exercise may prove particularly useful is in sensitising the muscle to subsequent amino acid ingestion. The incorporation of resistance exercise during periods of excess amino acid supply has been shown in healthy young individuals to result in greater net muscle protein balance than either resistance exercise or amino acid ingestion alone (81) . Moreover, a recent meta-analysis of the literature has demonstrated that protein supplementation is able to enhance both muscle mass and strength in response to chronic (>6 weeks) resistance exercise training (82) . Therefore, resistance exercise would appear to represent a useful strategy to raise the threshold before which circulating amino acids are no longer incorporated into muscle protein as described in the muscle full hypothesis. In support, Yang et al. by instructing elderly men to perform an acute bout of one-legged resistance exercise prior to the consumption of whey protein, demonstrated that muscle protein synthesis was greater in the exercised leg v. the non-exercised contralateral limb across a range of protein doses (83) . Moreover, when frail elderly subjects were supplemented with 15 g protein consumed twice daily during a 24-week progressive resistance exercise programme, significant improvements were observed in lean body mass, strength and physical performance (84) . Most notably, elderly adults administered with a placebo for the 24-week period in place of the protein supplement saw no detectable gains in muscle mass, albeit similar improvements in strength and physical performance to the protein group were recorded (84) . Reduced mobility and joint pain is a common complaint among the elderly, particularly in frail individuals. As a result, the muscle contractile forces that they can comfortably generate could be potentially compromised and not operating near the typically high-intensity (>70 % of 1-repitition maximum) contractions employed in resistance exercise programmes for the young. Of relevance to affected individuals, recent evidence suggests that high-volume lowintensity resistance exercise is just as effective at eliciting the same degree of muscle protein synthesis as low-volume high-intensity exercise. In particular, young subjects performing leg extension exercise at 30 % of 1-repitition maximum until failure were able to acutely stimulate muscle protein synthesis to the same degree as that observed when exercise was performed at the much higher intensity of 90 % 1-repitition maximum (85) . Likewise, comparable observations have been made in older individuals (86) , thereby suggesting that increasing volume rather than intensity is an effective process by which to stimulate muscle protein synthesis in the elderly and would likely assist in encouraging compliance in this population.
Conclusions
The inability of habitual protein intake to maintain muscle mass in the elderly is potentially the culmination of a number of events impairing the muscle protein synthetic response to food. Current evidence suggests that protein supplementation may be able to overcome these issues, particularly when combined with resistance exercise programmes. The role that inactivity plays in the aetiology of sarcopenia remains unclear, but could transpire to be a major contributor and should be the focus of future work.
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